In order to determine whether the existing in water resources system sustainable management solution, we need to develop a tool to provide reasonable and reliable information to decision makers. RESCON project's goal is to use data for reservoir and dam, to provide a toolkit in policy formulation used in decision making. At the same time, it also prompt policymakers stand at the national level to recognize the importance of reservoir protection. Sediment transport rate is an important parameter, which determines the amount of sediment flushed of the reservoir. So its calculating formula based on RESCON Model is revised and validated that it can be used to evaluate sediment management using the data of the Sanmenxia Reservoir in 2003. Among all the five-sediment management solutions RESCON model recommends that, the Flushing is with the highest economic benefit. Also, Flushing as the current sediment management strategy of the Sanmenxia reservoir shows that it is reasonable and effective. Among 15 Flushing solutions, the best one is that while the water level is at 290 m, flushing discharge rate is 1188 m 3 /s, dredging every two years with a flushing period of 67 days each time and long-term reservoir storage volume is 16.05 billion m 3 below 323 m water level.
INTRODUCTION
Reservoir sedimentation is one of the world's major economic and environmental problems in water conservancy construction. It is estimated that between 0.5 and 1.0% of global water storage volume is lost annually as a result of sedimentation. On the other hand, China has reached 2.3% (Wan, 2005) . On average, the loss of reservoir storage volume can be translated into 45 km 3 of storage per year worldwide. Therefore, about $13 billion is needed to construct new reservoirs in compensation for this loss of storage. However, this approximation fails to include the influences of the newly built dams toward the environment and society (Cheng et al., 2004) . According to the National Bureau of Statistics of China (2013), there are 588 large reservoirs and 3271 mediumsized reservoirs and the total amount of water volume is 3400.7 billion m 3 by the end of 2012. It is important to note that due to sediment deposition, the comprehensive benefits of reservoirs such as flood control ability, storage capacity, water supply capacity, power generation capacity decreased significantly. Similarly, crop yield of land with irrigation facilities, navigation capacity and tourism capability greatly declined. Sediment deposition also induced problems such as increase of dam load, decline of dam safety, abrasion of sluice outlets and power generating equipment, leading to reservoir retirement in the worst cases. According to the data provided by the Ministry of Water Resources regarding twenty reservoirs in the 1980s, most reservoirs have experienced total sediment deposition of 18.6%, in regard to the original designated storage volumes, within twenty years after established (Konrad, 2010) .
Basson (Cheng et al., 2004; Ding, 2009) , Hotchikiss (Duan et al., 2004) and Zhou (Zhang and Zhang, 1982) have carried out numerous studies about sediment control measures on single reservoir. At the same time, George et al. (2003) proposed a reservoir life-cycle management strategy, which emphasized the concepts of economic evaluation and sustainable development of sediment management, putting forward the concepts of intergeneration equity and conceptual model-RESCON based on principles of sustainable development. Konrad mentioned several issues that should be considered by Ecological reservoir regulation (Han, 2003) . Also, others gave some reservoir optimal regulation strategies (Gao et al., 2013) .
Various works have been conducted in China on sediment removal and volume recovery of reservoirs, especially in the Sanmenxia reservoir and the Three Gorges reservoir (Konrad, 2010; Mao et al., 1998; Tang, 1964; Tong and Zhou, 2006; Tu et al., 1980; Walling and Webb, 1996; Wan, 2005) . George et al. (2003) studied the relationship of sediment delivery ratio under the status of higher water level based on non-equilibrium principle; Tang (1964) and Hu and Wang (2004) put forward an assumption and concept of long-term use of reservoirs. Guo et al. (2003) explicated the principle and foundation of long-term use of reservoirs and gave the calculation method for reserving reservoir storage volume. Many institutions have also done a lot of studies on retaining the effective reservoir storage volume in the Three Gorges and the Sanmenxia reservoir, and discussed its feasibility and effectiveness in technology and economic aspects (George et al., 2003; Tu et al., 1980) .
On the basis of reviewing the experiences of reservoir operation on sediment-laden rivers in China, Chinese researchers established about three reservoir operation strategies which are "sediment decreasing regulation operation", "reservoir operation optimization" and "reservoir ecological operation" (Wu et al., 2004) . A reservoir operation strategy called "storing clear water and releasing the mud" was used for solving serious sediment deposition of reservoirs. "Storing clear water and releasing the mud" strategy means discharging sediment by reducing water level in flood period when there is more sand, while storing water in un-flood period. Many practices proved that this is an effective sediment management strategy for solving reservoir sediment deposition. For example, the Heisongling reservoir demonstrated that the amount of deposition was much smaller by using the "storing clear water and releasing the mud" strategy than by using the "impounding water" strategy. In the Sanmenxia reservoir, since using "storing clear water and releasing the mud" strategy from 1973, the amount of sediment deposition has been mostly under control in the reservoir area below Tongguan station and reservoir storage has been partly recovered under the elevation of 330 m. In the meantime, other reservoirs of Naodehai, Honglingjin, Heisongling, Zhiyu reservoirs e.t.c. have also achieved better effects in sediment reduction after adopting the "storing clear water and releasing the mud" strategy (Mao et al., 1998) .
In December 1999, the World Bank initiated RESCON (Reservoir Conservation) project to develop an approach to assessment and promotion of sustainable management of reservoirs. Since 2001, RESCON projects have been investigating the sediment deposition problems in three countries: Kenya, Morocco and Sri Lanka, and evaluating selected reservoirs using RESCON, helping these countries to make sustainable reservoir management strategy. At present, RESCON has been applied in many reservoirs of Pakistan, Iran, India, Switzerland, and Japan (Wu and Deng, 2007) .
The objectives of this study are applying RESCON approach in the Sanmenxia reservoir to evaluate its feasibility and finding the best sediment management strategy for reserving reservoir storage. It is expected that the studies and practices in sustainable utilization of the reservoirs in the world would be promoted.
METHODOLOGY The Sanmenxia reservoir and its sediment management

Description of the Sanmenxia reservoir
The Sanmenxia hydropower-complex project is the first large-scale comprehensive project built on the mainstream of the Yellow River after 1949. Areas that dam site controlled is 68.8 million km 2 , accounting for 91.5% of the total area of the Yellow River, controlling 89% of water, 98% of sediment of the Yellow River, and the two main flood source of the Yellow River: Hekou town to Longmen interval and Longmen to Sanmenxia interval. The Sanmenxia reservoir is also playing an important role and has comprehensive benefits in flood protection, irrigation, power generation and so on (Guo et al., 2003; Han, 2003; Hu and Wang, 2004; Huang and Zhao, 2000; Konrad, 2010; Tong and Zhou, 2006; Zhang and Wang, 1993; Zhang and Long, 1978) . The Sanmenxia main dam is a concrete gravity dam, the length is 713.2 m, maximum height is 106 m, crest elevation is 353 m; the length of the auxiliary dam is 144 m, maximum height of the dam is 24 m. The designed standard of flood frequency is 0.1% and the checking 
Sediment characteristics of the Sanmenxia reservoir
The sediment characteristics of Sanmenxia reservoir are as follows.
(1) annual runoff and sediment varies greatly (Tang, 1964; Walling and Webb, 1996) ; (2) annual distribution of runoff and sediment has changed, especially in flood season, the amount of runoff decreasing obviously; (3) the amount of total flood duration reduces year by year, runoff decreases greatly and the average sediment concentration increases in flood season (Feng et al., 2004; Wu et al., 2010) ; (4) after 1986, large flow appearance frequency decreases while the small one increases, the amount and days of flow less than 1500 m 3 /s both play a dominant role.
Operation and sediment management of Sanmenxia reservoir
From 14 September 1960, the date on which Sanmenxia reservoir began to impound flood and to utilize, such as flood protection, power generation etc. till now, Sanmenxia reservoir has gone through two reconstructions and three different operation stages. ① "water storage and silt detention" (15 September 1960 to 19 March 1962 ; ② "flood detention-sediment discharging" (20 March 1962 to October 1973); and ③ "storing clear water and releasing the mud" (November 1973 -now) (White, 2001) . Since the operation adopting "storing clear water and releasing the mud" strategy has been running in Sanmenxia reservoir, impounding water during non-flood season and controlling water level at 305 m in flood season could mainly keep the balance between scouring and sedimentation. The reservoir storage volume basically maintains at the amount of between 3 billion m 3 and 3.2 billion m 3 below the elevation of 330 m and the elevation of Tongguan mainly alternates between 326.5 and 328.5 m, the sedimentation tail has been effectively controlled (Guo et al., 2003; Konrad, 2010; Tang, 1964) .
The sediment desilting methods of the Sanmenxia reservoir are: ①lower water level in front of dam to discharge sediment in flood season; ②Flushing at normal water level between the duration of two flooding events; ③Flushing with small discharge in dry period (which can be also called base flow sediment flushing). The operation of "storing clear water and releasing the mud" in the Sanmenxia reservoir is achieved by controlling the water level according to the principles that "exhausting flood in flood season and controlling water level at 305 m in normal river flow period".
RESCON THEORY AND MODEL
RESCON model and method
The specific objectives planned by RESCON model (Reservoir Conservation) initiated by the World Bank is to put forward the criteria of sediment discharging from the aspect of engineering and develop mathematical models to help decision makers rank the technical feasibility of the sediment discharging schemes from the angle of economics. Figure 2 illustrates the main steps of RESCON.
The overall aim of the RESCON model is to select a sediment management scheme that is technically feasible and also maximizes the net economic benefits. First, enter the technical and economic data on-the-spot; then test the technical feasibility of Flushing and Hydrosuction; If both of them taken through, then calculate their economic benefits and compare them with the Traditional Dredging, Trucking and "Do-nothing" scheme, eventually got the best feasible scheme.
Input and output of the RESCON model
Data input, computing process and result output of RESCON program are all achieved in Excel. Entering related technical parameters, user can get the results computed automatically by Excel. The data input items include technical and economic parameters and social and environmental safety parameters.
Calculation results are displayed mainly as flushing technical calculation, HSRS basic value calculation and economic computing results and conclusions. 
RESCON model parameters and data of the Sanmenxia reservoir
Basic data and parameters collection RESCON program data input mainly include the following parameters: (1) reservoir geometry; (2) water characteristics; (3) sediment characteristics; (4) removal parameters; (5) economic parameters; (6) flushing benefit parameters; and (7) capital investment. Among them, the core parameter is the sediment parameters. The parameters using in this research are mainly achieved from the actual measured flow and sediment data of Tongguan station from 1974 to 2004 after investigation and treatment. Model main input data value is shown in input data summary table (Appendix).
Collaborating parameters
In Flushing scheme, the most important parameter in the process of calculating sediment balance is Qs, namely sediment transport rate during Flushing. According to the relationship between sediment transport rate Qs and hydraulic factor Q 1.6 J 1.2 Si 0.8 during Flushing period of Tongguan station in recent several years studied by Duan et al. (2004) and Han (2003) , this paper collaborate the suitable calculation formula of sediment transport rate for Sanmenxia reservoir. In order to verify the accuracy of the amended parameters, we make a related analysis of Qs calculated according to the revised formula and hydraulic factor of the Sanmenxia station, and it showed that the consistency is higher and the correlation coefficient is 0.92 (Figure 3) . So, the amended sediment transport rate calculation formula in the Sanmenxia reservoir was used.
Model validation
The revised RESCON model is validated by using the data of the Table 2 .
It is shown that the consistency between the two results is high. The analysis of the errors indicates that the error of water consumption in Flushing is 6.35%; the error of theoretical sediment mass in Flushing is 2.02%; the error of optimal sediment removed is 
RESULTS AND DISCUSSION
The desilting strategies comparison
On the assumption that the annual average sediment volume flushed is 5.70 billion m 3 , the revised RESCON model to simulate and compare with the following 5 kinds of desilting strategies was applied: ①Flushing, ②Hydrosuction, ③Traditional Dredging, ④Trucking and ⑤the "Do-nothing". The "Do-nothing" scheme is a nonsustainable solution that is used as a comparison here. The five solutions simulating results are shown in Table  3 .
Of the five removal solutions, Hydrosuction is technically not feasible. As for Traditional Dredging and Trucking, RESCON assumes that they are feasible in techniques. As the sediment volume of 5.69 billion m 3 needs to be flushed annually, up to the present, the biggest Dredging quantity tried in the world is less than a million m 3 , the Traditional Dredging and Trucking do not have feasibilities. For reservoir desilting, the RESCON model recommended Flushing is the solution, which is the same as the current operation used in the Sanmenxia reservoir and indicates that the present solution of "storing clear water and releasing the mud" adopted in the Sanmenxia reservoir is reasonable.
Flushing optimization
Reservoir Flushing is inseparable with flushing water level, flushing flow and days of flushing. In order to acquire a rational and effective reservoir optimal Flushing solution, we design different flushing water levels, flushing flows and days of flushing and compose a variety of Flushing solutions. Different flushing water levels and the related flushing flow of the Sanmenxia reservoir are shown in Figure 4 .
Based on the average mean annual water level of 304.03 m, average annual inflow which is from 522.8 m 3 /s to 4114.2 m 3 /s of the Sanmenxia reservoir, the following five groups of data which are feasible for actual operation were selected ( Figure 5 ).
In the meantime, the flood season of the Sanmenxia reservoir each year is from 1 July to 31 October, a total of 123 days normally. As reservoir uses flushing during flood season, the days of flushing are determined (Table  4) 
Days of flushing Proportion of days of flushing s1
Proportion Table 5 . The results of different combination of Flushing solutions calculated by RESCON model are shown in Figure 6 . Comparing reservoir long-term capacity and NPV of Flushing solutions, the authors got the best solution that water level is 290 m, flushing discharge is 1188 m 3 /s, the flushing duration is 67 days each time, long-term reservoir storage capacity will achieve 16.05 billion m 3 below 323 m water level and dredging every two years.
CONCLUSIONS AND RECOMMENDATIONS
Sediment transport rate during Flushing is an important parameter, which determines the amount of sediment flushed of the reservoir. So its calculating formula was revised as Q s = 0.2236Q 1.6 J 1.2 S i 0.8 and it was validated that it could be used to evaluate sediment management using the data of the Sanmenxia Reservoir in 2003.
Among all the five-sediment management solutions, RESCON model recommends that the Flushing is the feasible solution which is with the highest economic benefit. In addition, Flushing as the current sediment management strategy of the Sanmenxia reservoir shows In the process of research on RESCON model, the following defects have been found:
(1) According to the existing of Sanmenxia reservoir data show that the average amount of coming water and sediment reducing year by year, annual amount of water and sediment changes greatly. But there are some very important in RESCON model parameters, such as average annual incoming water and annual incoming sediment, take the long-time average annual value. It will affect the accuracy of the calculation results in the process to evaluate reservoir, as a direct result of theoretical sediment and dredged sand mass in flushing are on the high side. Suggest improve the advice RESCON model according to the amount of water and sediment characteristics, thus more feasible calculation method is put forward.
(2) The RESCON model is to assess the most appropriate desilting strategy based on the feasibility. But the net income situation by using the model is quite different with the reservoir. In order to make the RESCON model more perfect, suggest cope with its economic parameters. Not only have the effect of sorting the feasibility scheme, at the same time to the income of the reservoir has reference value. 
